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Abstract 

Assuming that the string inspired, universal sum rules for soft supersymmetry-breaking terms, 
which have been recently found both in a wide class of four- dimensional superstrings and 
in supersymmertic gauge- Yukawa unified gauge models, are satisfied above and at the grand 
unification scale, we investigate their low energy consequences and derive sum rules in the 
superpartner spectrum of the minimal supersymmetric standard model. 
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One of the most important issues in realistic supersymmetric theories is to understand how 
supersymmetry is broken and then to relate it with low energy physics. Though the recent 
exiting theoretical developments in supersymmetric gauge theories as well as superstrings 
this problem has not been solved in a satisfactory fashion yet. It is however widely accepted that 
the supersymmetry breaking, whatever its origin is, appears as soft supersymmetry-breaking 
(SSB) terms in low energy effective theories, because the softness is a desirable property for 
not spoiling the supersymmetric solution of the naturalness problem of the standard model |2j . 

One might hope that the SSB terms have a minimal structure as it is suggested by N = 1 
minimal supergravity ||, on one hand. It may be worthwhile, on the other hand, to find out 
relations among the SSB terms that have least dependence of the mechanism of supersymmetry 
breaking and are satisfied in a wide class of models. Phenomenological investigations and 
consequences based on these relations certainly would have a more general validity than those 
based on the assumption of the so-called universal SSB terms. At first sight one might think that 
once we deviate from the universality of the SSB terms, we would fall into the chaos of varieties 
0. Recent investigations on the SSB terms in 4D superstrings however, have shown 

that it is possible to do systematic investigations of the SSB terms, and it has turned out to be 
also possible to parametrize the SSB terms in a simple way so that one can easily find 

relations among them that are independent of the detailed nature of supersymmetry breaking. 
It has been then shown || that there exist symmetries in the effective N = 1 supergravity, 
which, along with a simple assumption on Yukawa couplings, lead to these relations. These 
symmetries happen to coincide with the S- and T- dualities, which are usually present in 4D 
superstrings (10| . Moreover it has turned out |9[] that these relations are renormalization group 



(RG) invariant at the lowest nontrivial order in perturbation theory in all gauge- Yukawa unified 



(GYU) models | 12| , so that once they are satisfied at the string scale, they are satisfied at the 
grand unification scale, too. We call these relations sum rules for the SSB terms, which may 
be summarized as [§, |], [TTJ 

h W = _ MY iik , 

M 2 = m 2 + m) + m\. (2) 

Here M and mf stand for the unified gaugino mass and the soft scalar mass squared of the 
chiral superfield respectively. Y^ k is the dimensionless Yukawa coupling for the $j $j $fc 
term in the superpotential, while the h^ k is the dimensional coupling for the trilinear term 



of the corresponding scalar components. Higher order corrections to the above sum rules are 
model-dependent in general. We, furthermore, would like to recall that the assumption on the 
gauge- Yukawa unification in supersymmetric grand unified theories (GUTs), especially in the 
third generation sector, leads to a successful prediction of the top quark mass [ jlBf . 

In this letter we are motivated by the desire to find out low energy consequences of the 
sum rules (|l|) and (@) which are assumed to be satisfied for the third generation sector of 
SU(5) type GUTs at the GUT scale M GUT . We will assume that between M GUT (~ 10 16 GeV) 
and the supersymmetry braking scale M${< 1 TeV) the minimal supersymmetric standard 
model (MSSM) describes particle physics, and we will derive sum rules in the superpartner 
spectrum (Eq. fllB])) from the string inspired, universal relations (|I|) and (0). These sum rules 
are independent on the details of the SSB parameters as long as the sum rules (|I|) and (^) are 
satisfied at Mgut- Needless to say that these sum rules could be tested by future experiments, 
e.g., at LHC. 

Before we present the details of our investigations, we would like to briefly outline the basic 
nature that leads to the sum rules (|l|) and (Q), both in 4D-superstring-inspired supergravity 
models and GYU models. 

To analyze how the sum rules (^) and (0) within the framework of effective N — 1 super- 
gravity can be realized, one considers a non-canonical Kahler potential of the general form 

K = ir($ a ,$* a ) + ^A7($ a ,$* a )|$f , (3) 

i 

where $ a 's and $j's are chiral superfields in the hidden and visible sectors, respectively. The 
basic assumptions are: (1) Supersymmetry is broken by the F-term condensations {(F a ) ^ 0) 
of the hidden sector fields $ a . (2) The gaugino mass M stems from the gauge kinetic function 
/ which depends only on the hidden sector fields, i.e. / = /($ a ). (3) We consider only those 
Yukawa couplings that have no field dependence. (4) The vacuum energy Vq vanishes. For the 
sum rules ([!]) and (0) to be satisfied under these assumptions, a certain relation among the 
Kahler potential K in the hidden sector, the gauge kinetic function / and the Kahler metric 
has to exist, i.e., 

K {T) ($ a , $* a ) = \n(K\K]K k k ) = K + In Re/ + const. (4) 

for all {i, j, k} appearing in the sum rules ([]]) and (0), implying that the theory has two types 
of symmetries: The first one corresponds to the Kahler transformation together with the chiral 

3 



rotation of the matter multiplets, 



K ^ K _ M _ Mj /($„) - /($„) , W ^ e M W, (6) 



where .Mi is a function of $ a and has to satisfy the constraint M.i + A4j + .M^ = .M for all 
possible set of {i,j, k} appearing in the sum rules (|l|) and @. The second one is the invariance 
of the Kahler metric K(s)b under the SL(2,R) transformation of the gauge kinetic function 
/($ a ), where K(s) — ~ l n (/(^a) + f(&* a ))- For 4D string models, these symmetries appear as 
the target-space duality invariance and S'-duality fID |, respectively. In fact, Brignole et. al. || 



have already found these sum rules in their explicit computations in various orbifold models. 
In case that gauge symmetries break, we generally have D-term contributions to the soft scalar 
masses. Such D-term contributions, however, do not appear in the sum rules, because each 
D-term contribution is proportional to the charge of the matter field |TJ . 



The basic assumption in GYU models is that the Yukawa couplings are expressed in 
terms of the gauge coupling g: 

yijk = p ijk g+ ; ( ? ) 

where p* jfc are constant independent of g and . . . stands for higher order terms. Eq. (|7|) is the 
power series solution to the reduction equation fl5j /3^ k = (3 g dY tjk /dg, where /3y fc and /3 g stand 



for the j3 functions of Y^ k and g, respectively. The next assumption is that the coefficients 
/? y satisfy the diagonality relation pi pq fP pq oc Sf. This implies that the one-loop anomalous 
dimensions 7} /167T 2 for $j's become diagonal if the reduction solution (|7|) is inserted, i.e., 
7i = li&id 2 -, where 7j are constant independent of g. It can be then shown that the sum 
rule ([I]) as well as the relation {m 2 )l = m? 81 = KiM 2 8{ with Ki = ji/(T(R) — 3C(G)) are 
RG invariant in one-loop order, where T(R) and C(G) are the Dynkin index of the matter 
representation R and the quadratic Casimir of the adjoint representation of G, respectively. 
The sum rule (|2|) then follows from the consequence of the reduction of Y^ k , i.e., 7« + jj + 7/c = 
T(R) — 3C(G) for {i,j, k} appearing in the sum rule. 

To come to our main result of this letter, let us first describe the parameter space. Since 
we assume an SU (5) type GYU in the third generation, Eq. (0) takes the form 

9t = Pt9 , 9b = 9t = Pb9, (8) 



at M GUT , where g t (i = t, b, r) are the Yukawa couplings for the top, bottom quarks and the 
tau, and we ignore the Cabibbo-Kabayashi-Maskawa mixing of the quarks. For a given model, 
the p's are fixed, but here we consider them as free parameters. It is more convenient to go from 
the parameter space (p t , p b ) to another one (k t = pi , tan/3), because we use the (physical) 
top quark mass M t as input, i.e., M t = (175.6 ± 5.5) GeV. Therefore, the unification condition 
of the gauge couplings of the MSSM, along with a^Mz) = 127.9 + (8/9tt) ]n(M t /M z ) and 
also the tau mass M T = 1.777 GeV as low energy input parameters, fixes the allowed region 
in the k t — tan/3 space, which is shown in Fig. 1, where we have used M s = 300 GeV. In the 
following analyses when varying tan/3, we use k t for M t = 175GeV, while ignoring the bottom 
quark mass. 
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FIG. 1: M t in the k t — tan/3 space 



The parameter space in the SSB sector is constrained at Mgut due to unification: 



ht 



-M g t = -Mp t g , h b = h 7 



-Mg b = -Mp b g, 



ml 

OL 



ml 

OR 



m 2 fL , 



(9) 
(10) 



and we define 



m !(t) 



2,2,2 

mi R + mi L + m 



2 _ 2 i 2 i 2 

Ho i %ii, t i = rrir - + m~, - +m„. 

H 2 ' M 6 > r J b R ,T R b L ,r L -Hi 



The unification condition for the gaugino mass is: M x = M 2 = M 3 = M at M G ut- We note 
that in the one-loop RG evolution of m|'s in the MSSM only the same combinations of the 



5 



sum of m?'s enter. Therefore, as far as we are concerned with the evolution of m|'s, we have 
only one additional parameter M, which we further identify with Ms- In Fig. 2, we show the 
evolution of ^f^^/Mf as function of Q/M s for tan/3 = 50. 
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FIG. 2: The evolution of m|/Mf for tan/3 = 50. 

The figure above shows that m\, t m/M| is stable near \nQ/M s ~ 0. As for ml^/Mf, we find 
A(m| (r) /Mf) ~ ±0.1 for A(kiQ/M s ) ~ ±5 at tan/3 = 50. These features in the stability of 
the evolution of rn^ tbT -j/ M% do not change very much for the entire range of tan/3 between 2 
and 50. 

To derive the announced sum rules for the superpartner spectrum, we further define 

Si = m| (j) /M 3 2 (i = t,b,r) at Q = M S . (12) 

These parameters do not depend on the value of M (which is defined at Mqut) in one-loop 
order, but they do on tan/3. This dependence is shown in Fig. 3. 
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FIG. 3:s t , Sb, s T against tan/?. 
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We then require that the electroweak gauge symmetry is correctly broken at Ms to obtain the 
sum rules, 



cos 2/3 = (s b - s t )Ml + 2(m 2 - m 2 t ) - 2{m 2 h - m 2 b ) 



{s T - s t )Ml + 2(m 2 - m\) - 2(m 2 7 



m~ 



(13) 



where m 2 A is the neutral pseudoscalar Higgs mass squared, and rh 2 stands for the arithmetic 
mean of the two corresponding scalar superparticle mass squared. From the sum rules we also 
obtain (s 6 — s T )M 2 ~ 2(m 2 — m 2 ), which yields m 2 > rh 2 because s& — s T > 0. Note that 
s T becomes negative for tan/3 > 33, which gives a bound on m 2 H for a given M 3 , 2rh 2 T = 
s T M 2 - (Mf cos2/3)/2 - m 2 Hi > 0. If this is not satisfied, the U(1) E m is broken. 

The s^s are relatively stable against the deviation from the GUT scale sum rules (|l|) and @, 
which is shown in Fig. 4 for m^^/M 2 , where we have varied the initial values at Mqut- Fig. 4 
shows a weak infrared attractiveness of mfv t \/Mf's ||16|| , which is the reason of the stability. 
So, the weak infrared attractiveness works for suppressing this uncertainty at Mqut, but it is 
not strong enough to wash out the information at at M GU t 10 ■ 
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FIG. 4:The evolution of m| (t) /M| for tan/5 = 50 



We have also analyzed the infrared attractiveness [l6j of ^|(b T )/^| and A tt b, T for different 
values of tan/3 and found that the infrared attractiveness is indeed a general tendency [16], but 
its degree differs among the quantities and depends on tan/3. 

As we have emphasized, the sum rules are satisfied under very general assumptions. 
Before we close we summarize the most important ones. The first one is that the Yukawa 
couplings Yijk in question are field-independent in 4D string models. The next one is that 
below the string scale the gauge- Yukawa unification is realized so that the string inspired sum 
rules are RG invariant below the string scale and are satisfied down to Mqut- We do not need 
this assumption if these sum rules have a strong infrared attractiveness Jl6| (which is model- 
dependent, of course). It is then assumed that we have an SU(5) type GUT and below M GU t 
the effective theory is the MSSM. 

The sum rules could be tested by future experiments, e.g., at LHC, and experimental veri- 
fications of them would give important hints on the nature of unification and supersymmetry 
breaking. 
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